INTRODUCTION
Scorpion venoms contain a variety of peptides toxic to man [1] , insects [2] and crustaceans [3, 4] . Several families of peptides which target the ion channels of excitable membranes have been described (Na+ [5, 6] , K+ [7, 8] , Call [9] or Cl--channels [10] ). Our group has Spntributed to this field by isolating and characterizing the first K+-channel blocking peptide: noxiustoxin (NTX) [7,1 1] , and by showing the structural similarities of NTX and charybdotoxin [12] . NTX, purified from the venom of the Mexican scorpion Centruroides noxius was shown to block several K+-channels from a variety of tissues, with different affinities: squid axon [7] , brain synaptosomes [13] , skeletal muscle [12] , aortic endothelial cells [14] and T-cell lymphocytes [15, 16, 17] . Recently, the number of known peptides from scorpion venom which interfere with excitable and non-excitable cells has increased considerably [13, [18] [19] [20] [21] [22] [23] [24] [25] . The primary structure of these peptides is similar and they possibly have a three-dimensional structure with conserved motifs [26] , but the molecular mechanism of action in terms of affinity and specificity varies considerably [27] . Thus, in order to increase our knowledge on the structurefunction relationship of toxins versus ion-channels there is need for a continuing effort in the direction of isolating and characterizing all peptides available in scorpion venoms. It is worth mentioning the pressure of selection to which these animals have been subjected for millions of years, during which period scorpions have evolved interesting peptides to help them prey on or defend themselves against other animals [1, 2, 4] .
In this paper we describe two novel K+-channel toxins purified from the Mexican scorpion Centruroides 
Bloassay with monoclonal antibodies
The bioassay used during purification was based on monoclonal antibodies generated against NTX. Since the isolation of K+-channel-blocking peptides, using direct electrophysiological measurements as a routine assay, is very cumbersome and timeconsuming we decided to use an immunological approach by means of specific antibodies. The rationale behind this approach was that if K+-channel peptides share similar functions they must share structural similarities. Monoclonal antibodies were prepared essentially by the same method described previously by our group for Na+-channel blocking peptides [30] . Briefly, after immunization of Balb/c mice with NTX, spleen cells were fused with a selected subclone of the SP2/0-Agl4 myeloma line [ A mixture of increasing concentration of purified peptides (50 1ul solution) plus a fixed concentration of monoclonal antibodies (in 50,l BNTX-14 at 3 /tg/ml or 50,u BNTX-16 at 0.3 ,g/ml) were added to each well of the plate in NaCl/Pi buffer, pH 7.4, containing 1% BSA and 0.1 % Tween. Appropriate washing was conducted at each required step and the final reaction was revealed by means of peroxidase-labelled rabbit anti-(mouse IgG) antibodies (4 h at room temperature) using the chromogenic substrate (o-phenylenediamine 0.4 mg/ml and urea hydroperoxide 0.2 mg/ml in 0.1 M NaH2PO4, pH 5.0).
Binding experiments
NTX was iodinated by the lactoperoxidase method of Morrison and Bayse [33]), as previously described by our group [13] . Ratbrain synaptosomes were prepared by a similar procedure to that described by Catterall [34] . The rapid filtration assay described originally [13, 29] was used to determine binding and competition experiments of NTX and the novel toxins described here. Briefly, binding experiments were initiated by addition of synaptosome membranes to a reaction mixture containing 1251-NTX plus unlabelled NTX or unlabelled new component at increasing concentrations, and incubated at room temperature for 1 h. The reactions were stopped by addition of 5 ml of cold binding medium (140 mM choline chloride/5 mM KCI/1.5 mM CaCl2/ 0.8 mM MgCl2/20 mM Tris/HCl, pH 7.4/0.1 % BSA) and immediately filtered through glass-fibre filters (Whatman GF/G) under vacuum and washed two times with cold binding medium. The filters were dried and counted in a gamma counter. All values are an average of at least triplicate measurements.
Electrophysiological measurements
Cerebellar granule cells were obtained from newborn rats 8-10 days old. The neurons were prepared as described by Levi et al.
[35] and plated on 33 mm Petri dishes coated with 10 jug/ml poly-L-lysine at a density of 2.5 x 106. Cells were maintained in Basal Medium Eagle (BME) with 10% fetal calf serum/100,ug/ml gentamicin/25 mM KCI/2 mM L-glutamine. Cytosine arabinoside (50 uM) was added 20 h after plating in order to prevent the replication of non-neuronal cells. Dishes were maintained at 37°C, in a 5 % CO2 incubator. Experiments conducted at room temperature (20-22°C), were performed 4 days after plating. External solution was as follows (mM): 120 NaCl/3 KCI/ 2 CaC12/2 MgCl2/20 glucose/ 10 Hepes. Tetrodotoxin (3 x I07 M) was added to the external solution to abolish Na+ currents, while Ca2+ currents were blocked by 1 mM Cd2 . Pipette-filling solution was (mM): 120 KCI/5 EGTA/0.24 CaCl2/30 glucose/ 10 Hepes. The pH was adjusted to 7.3 with NaOH and KOH for the external and the internal solutions respectively, osmolarity was set to 290 + 10 mosmol with manitol. Currents were recorded in patch-clamp whole-cell configuration [36] . Glass electrodes were pulled with a programmable puller (SachsFlamming PC-84) to give a tip resistance of about 8 M2;
holding potential was held at -80 mV. Voltage-pulses and data acquisition were performed on-line with a PDP 11-23 minicomputer. Voltage-pulses 200 ms long were applied from -40 mV to + 60 mV in steps of 20 mV. Data were filtered at 3 kHz and leak-subtracted with the P/4 technique from a holding potential of -100 mV.
RESULTS AND DISCUSSION Separation of soluble venom was performed initially by gelfiltration chromatography in Sephadex G-50 and gave rise to at least four sub-fractions (I-IV), of which number II was lethal to mice. This fraction was subsequently separated on a CM-cellulose ion-exchange column equilibrated and run in 20 mM ammonium acetate buffer, pH 4.7, from which 13 components were derived. Results for Sephadex-and CM-cellulose-chromatography were essentially equal to those previously described [29] and for this Toxic fraction 11.10 (28.5 mg in 30 ml solution) from reference 29 was applied to a CMcellulose column (0.9 cm x 33 cm) equilibrated and run in 50 mM potassium phosphate buffer, pH 6.0, at a flow rate of 30 ml/h. A linear NaCI gradient (250 ml 0 M-250 ml 0.3 M) in the equilibration buffer was applied to the column. Fractions of 2.5 ml per tube were collected. The overall recovery was 99.1% (Table 1 ) and toxin 11.1 0.9 corresponds to 5.2% of the total material absorbing at 280 nm. L, G, W and T mean: loading the sample, starting the gradient, washing with 1 M NaCI and toxic component, respectively. Figure 1 . In this figure we show further separation of toxic component 11-10, after dialysis and lyophilization. Another CM-cellulose column was equilibrated and run with sub-fraction 11-10 in 50 mM phosphate buffer, pH 6.0, and after elution with a salt (NaCl) gradient afforded 12 sub-components (Table 1) . Two of those were lethal to mice (Figure 1 ). In Table 1 we show the results of recovery and lethality tests conducted. All fractions obtained with the ionexchange chromatographic separation at pH 4.7 and pH 6.0 were assayed by e.l.i.s.a., as described in Materials and methods, for the presence of NTX-like peptides. Figure 2 shows the results Figure 2 Cross-reactivity of toxins with monoclonal antibody BNTX-14 E.l.i.s.a. trays were coated with NTX. Purified mAB BNTX-14 was incubated in the wells together with increasing concentrations of NTX (0) and toxic component 11.1 0.9 (5). Antibodies bound to the solid phase were then revealed using rabbit anti-(mouse antibody) conjugated with peroxidase. Absorbance at 492 nm was considered to indicate 100% binding when free NTX was absent (competing with buffer alone Figure  3 . The elicited outward current rapidly activated and inactivated transiently, reaching a steady-state level. In these cells the application of toxic-component 11-10.9 at 1.5 flM reduced the peak currents by about 50 %, but not the steady-state level, in a voltage-independent way (see Figure 3a) . In Figure 3b current (Figure 5 ). Amino acid analysis (data not shown) and mass spectrometry confirmed the results shown in Figure 5 , molecular mass of 4191 (disulphide bridged) or 4197 (reduced disulphides) for toxin 1, compatible with the sequence obtained. Toxin 1 is a peptide with 38 amino acid residues and has six halfcystines, most likely linked by three disulphide bridges, like NTX [11] . Toxin 2 was also sequenced, showing the following amino acid sequence, starting from the N-terminal region: Thr-Val-IleAsp-Val-Lys-Cys-Thr-Ser-Pro-Lys-Gln-Cys-Leu-Pro-Pro-CysLys-Glu-Ile-Tyr-Gly-Arg-His-Ala-Gly-Ala-Lys-Cys-Met-AsnGly-Lys-Cys-Lys-Cys-... A couple of amino acids are still unidentified at the C-terminal to complete its primary structure. With these data, an important additional question arose: which of these two peptides was responsible for the results in Fig.  3 ? In order to clarify this question we chose a direct-binding experiment using brain synaptosome membranes [13] . Fig. 6 shows that both toxins 1 and 2 compete for the binding of 1251-NTX to K+-channels of synaptosomes, with an indistinguishable affinity of about 10-10 M. This result is not surprising since they share a high degree of similarity in their amino acid sequences.
Re-chromatography of toxin fraction 11-10.9 on narrow-bore reverse phase. Toxin Asn-Gly-Lys-Cys-Lys-Cys-Tyr-Pro Figure 5 Amino acid sequence of toxin 1
Amino acid sequence determined on carboxymethylated toxin 1 using the Milligen 6600 Prosequencer. The toxin was coupled either to (1) DITC-Sequelon (Millipore Co.), or (2) AAsequelon (Millipore Co.) and subsequently reduced and carboxymethylated prior to sequence determination. The sequence was identified to residue 34 using (1) and to residue 37 using (2) . Proline was assigned as residue 38 by mass analysis and amino acid composition. 
Actually, both toxins had a higher affinity for synaptosomal membrane K+-channels than NTX. For comparative purposes, in Table 2 we have included the amino acid sequence of several known K+-channel toxins, selecting only those from which the total primary structure is available. C. 1. limpidus toxin 1 is 74 % identical to margatoxin, a new K+-channel blocking peptide purified from the scorpion C. margaritatus [37] , and 64 % similar to NTX [11] from C. noxius, while kaliotoxin from Androctonus mauretanicus mauretanicus [21] Lys 27 in charybdotoxin, has been shown by site-directed mutagenesis to be critical for blocking the voltage-dependent Maxi-K+ channel [45] . Glycine at position 26 has been suggested to be important for appropriate formation of the disulphide pairing [46] , and is also conserved throughout these sequences. The N-terminal sequences of the K+-channel blocking peptides from the genus Centruroides (New World scorpions) are very much conserved. A synthetic nonapeptide corresponding to this segment of NTX was shown to be toxic to mice [47] and to recognize single Ca2+-activated K+ channels of small conductance, obtained from cultured bovine aortic endothelial cells [24] . Thus, it seems that the general motif of the three-dimensional structure of these peptides is important in targeting K+-channels, however, the sequences (Table 2 ) do show a high degree of variability, and this could explain the diversity of function and affinity for the various classes of K+-channels, as extensively discussed by others [37, 45, 46, 48] .
